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ABSTRACT
Leaf angle and leaf stomata responses to experimental drought in Quercus velutina and Acer
saccharum

Brittany Nichole Casey
The possibility of increased severity and frequency of drought conditions, as a result of
global climate variability, greatly complicates our ability to forecast future forest functions such
as productivity and carbon sequestration. Assessing how tree species vary in their response to
drought can aid in predicting the impact on forest ecosystems as a whole. Throughfall exclusion
(TfE) experiments are potentially useful tools to simulate realistic drought conditions within
intact forest ecosystems. We employed a TfE experiment during the 2018 growing season within
the WV Land Trust’s Elizabeth’s Woods Nature Preserve, near Morgantown, WV, to assess the
leaf angle and leaf stomata responses of Quercus velutina and Acer saccharum trees to changes
in water availability. I mounted time-lapse cameras within the forest crown of four experimental
plots to track changes in leaf angle throughout the growing season. At the peak of the driest
period of the summer, I also collected leaf samples for foliar isotopic concentrations analysis of
leaf carbon (δ13C).
We consistently measured more vertical leaf angles within the Q. velutina plots compared
to the A. saccharum plots. We found significantly more vertical mean leaf angles in the Q.
velutina TfE treatment plot relative to the control plot at the beginning of the growing season, as
soil moisture content declined, the vertical angles recorded in the control plot also increased. The
δ13C analysis did not show a significant difference between Q. velutina treatment and control,
suggesting an absence of stomatal control. A. saccharum had significantly higher values of δ13C
in the treatment plot at the peak of the drought experiment, compared to the control and did not
appear to adjust their leaf angle to account for the reduced water supply.
The leaf angle and leaf stomatal responses of these species are consistent with responses
of other root and stem traits describing the position of each species on a theorized spectrum of
hydrisity. In particular, the finding that anisohydric species use a mechanism of increasing leaf
angle in response to low water availability has great implications for linking to remote sensing
measurements and forecasts of forest functioning under the increasingly variable climatic
conditions caused by global change.
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INTRODUCTION
Ground-based observational data, satellites, and climate models are identifying rising
atmospheric temperatures, increased instances of extreme weather events, and altered
precipitation patterns across the globe (Walther et al., 2002; Mann et al., 2017). Precipitation
patterns are impacted in a multitude of ways, including extended periods without water, and by
reduced ability to capture water for storage during precipitation events due to the increased
intensity of storms (Ryan, 2011). These climatic changes in available water to forests are now
affecting forest functioning and the valuable ecosystem services linked to those functions, such
as carbon sequestration, forest products, and the provision of water quality and quantity, as well
as impacting global and local climate regulation (Oki, T. and Kanae, S., 2006; St. Clair, et al.,
2008). Through effects on soil-root and leaf-atmosphere relationships, water availability strongly
affects the productivity, growth, and health of forests across the world (Kirchen et al., 2017;
Goisser et al., 2013; Baker et al., 2002; Knutzen et al., 2015).
Species-specific adaptations to water availability are theorized to vary along a spectrum
of anisohydric vs. isohydric water management strategies (Chaves, 1991; Tardier and Simoneau,
1997). These whole-tree strategies have been fairly well described in terms traits measured on
roots (Rodrigues et al., 1995; Chaves et al., 2002; Kozlowski and Pallardy, 2002), stems (Sharp
and Davies, 1989; Gu et al., 2015), individual leaves (i.e., the shape, density, and size of leaves,
and thickness of leaves, Turner, 1994), and the number and density of stomata (Lawson and
Blatt, 2014).
Variations in traits correspond with the hydrisity strategy of a species. Regulating stomal
conductance has been shown to affect water use efficiency in plants by allowing them to adjust
transpiration and photosynthetic rates in response to water availability (Centritto et al. 2009).
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When facing water shortages, isohydric trees are thought to limit water loss through transpiration
primarily by reducing stomatal conductance. This stomatal closure allows the trees to maintain a
constant leaf water potential at the cost of productivity (Breda et al., 2006). On the other hand,
anisohydric species, at the other end of the spectrum, are thought to keep stomata open, even in
the face of decreased leaf water potential (Sade et al., 2012). Foliar isotopic concentration
analysis can be used to assess stomatal conductance and serve as an indicator of drought stress
(Cernusak et al., 2003). Specifically, carbon isotopic discrimination, δ13C, has been found to be
a useful proxy for gas exchange in numerous studies. When stomata are open, the trees will more
readily use the lighter 12C isotope, which reacts more quickly with the enzyme responsible for
carbon fixation, resulting in a lower δ13C (Farquhar et al., 1982; Farquhar et al., 1989).
To combat the risk of maintaining open stomata, anisohydric species have developed
other responses to water availability. Water availability is known to affect the architecture of tree
crowns through traits known to affect intra-crown shading and evapotranspiration, such as leaf
density, the vertical distribution of leaves, and the mean inclination angle of leaves in the tree
crown (Ehleringer and Werk, 1986; Ellsworth and Reich, 1993; Castro and Fetcher, 1998;
Lambers et al., 1998; Falster and Westoby, 2003). Yet, despite their known importance, the
adaptive significance of this suite of crown architectural traits are less well understood than more
easily measured leaf-level responses. The inclination angle of leaves, or leaf angle, is one crucial
crown architectural trait that impacts light gradients within forest ecosystems, overall plant
photosynthetic rates and productivity, water use, and leaf area index (Normal and Campbell
1989; Niinemets, 2010; Fotis and Curtis, 2016; Itakura and Hosoi, 2019). Studies have also tied
increasingly vertical leaf angle to water availability (Givnish, 1984; Nagasuga et al., 2013). The
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technique, and degree to which the trees implement that technique, are also dependent on
species-specific adaptations.
Thus, quantifying how individual species respond to reduced water availability can lead
to a better understanding of the impact drought can have on forest ecosystems, and thereby
improve their utility in forecasting forest functioning under the drought conditions that may
come with global change. Moreover, these same crown architectural traits also have strong
effects on forest spectral reflectance (Gates and Tantraporn, 1952; Gates et al., 1965; Knipling,
1970), creating a unique opportunity to use remote sensing to make broad-scale assessments of
species differences in water management. Understanding tree species-specific response to
changes in water availability on a broader level will aid in predictions of whole-scale forest
response to climate change and inform better management practices.
Leveraging measurements within a throughfall exclusion (TfE) experiment, my study
seeks to identify how two tree species use mechanisms of adjusting leaf angle and closing
stomata as part of their responses to experimentally altered water availability. With this goal
and objectives in mind, my study addressed the following hypotheses:
I.

The isohydric species of Acer saccharum will have more horizontal leaf angles. A.
saccharum will not adjust leaf angle throughout the growing season or in the TfE
treatment plot, but rather will close stomata to reduce water loss.

II.

The anisohydric species of Quercus velutina will have more vertical leaf angles
throughout the TfE experiment and will have increasingly vertical leaf angles
during periods of low water availability, especially in the TfE treatment plots. Q.
velutina will not close stomata to reduce water loss.
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STUDY AREA
I conducted my research with the West Virginia Land Trust’s Elizabeth’s Woods (EW)
Nature Preserve located south of Morgantown, WV. The site encompasses 84 acres of forest
containing 120+ year-old black oak (Quercus velutina) and sugar maple (Acer saccharum)
stands. In 2016, we established a TfE within the forest to study the impact of reduced water
availability on forest ecosystems. The EW site included four 20m x 20m plots located within two
nearly monospecific stands (Figure 1), one which was dominated by black oak and the other
dominated by sugar maple.

Figure 1: The location of the West Virginia Land Trust’s Elizabeth Woods Nature Preserve, as
well as the study plot and weather station location. The study area map includes an overlay of a
site-based Topographic Wetness Index (APPENDIX 4), which is used to explain the spatial
variation of soil moisture based on slope and upstream contributing area. The darker areas
represent higher potential for groundwater saturation.

One plot of each species of tree was subject to a TfE treatment to simulate drought
conditions using 3m tall wood and plastic gutters (Figure 2). In 2018, we applied a 50% TfE for
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most of the growing season beginning March 11,
except for June 1- July 18, where we excluded 90% of
the throughfall (we did not exclude stemflow). We
excluded 90% of the throughfall as an attempt to elicit
a drought response during the abnormally wet 2018
growing season.
The EW study area consists of steep
topographic relief, increasing roughly 92m within a
half kilometer from the base of the ridge to the ridge

Figure 2: Throughfall exclusion gutters on
the oak TfE plot at EW.

top (Figure 1). The locations of the plots are on the
west and northwest-facing slopes. The study area is less than 2km from the Monongahela River,
which cut into surface geology that includes sandstone, shale, limestone, clay, and coal, with
some alluvial deposits of sand, gravel, silt, and clay. The average annual precipitation is 1095
mm, and the average annual temperature is 11°C.
METHODS
Leaf level chemistry
During the driest period of the growing season, on July 18th, 2018, I collected foliar
samples from 6 trees per plot using a shotgun and steel shot to harvest small branches in the
highest part of the canopy. I transported the collected sun leaves back to the laboratory with the
stems wrapped in moist paper towels and stored in Ziplock bags to prevent the samples from
drying out. Once in the lab, I oven-dried the leaf samples in paper bags at 60°C for a minimum
of 48 hours. I ground the samples using a Willey Mill to pass through a 1mm mesh screen before
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being analyzed for C and N concentrations and stable isotopes by the Central Appalachian Stable
Isotope Facility.

Leaf angle
I measured leaf angles in each plot by mounting battery-operated Wingscapes
TimelapseCam Cameras on trees just outside and slightly uphill of each of the four experimental
plots (oak TfE treatment, maple TfE treatment, oak and maple control). I oriented the cameras to
have a direct, level view of the sun leaves within the crowns of the dominant trees in each
experimental plot (McNeil et al. 2016). In mid-May 2018, I worked with a local arborist to
install two cameras at different locations within each experimental plot, for a total of 8 cameras
in the entire study area. These cameras recorded images on an hourly time-step from 10 AM to 5
PM until we removed them at the end of September 2018. After retrieving the images stored on
each camera’s SD card, I selected images taken at solar noon on days spaced roughly two weeks
apart. On each selected image, undergraduate assistants and I identified 60 leaves that were
located in the middle of the image, and that were oriented in the plane of the image (Figure 3).
On these selected leaves, we used a digital protractor to measure the angle from the zenith to the
leaf normal (Figure 3 inset), and then used these 60 measurements per species per plot to
compute the mean leaf angle for each plot.
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Figure 3: An example of the imagery captured from the time-lapse camera within the OT. To obtain
the most accurate results, we only measured leaves that were level with the camera within the middle
section of the image. The red areas represent the excluded portion. Highlighted within the black box
and inset is an example of a “good” leaf candidate for digital measurement as well as a
demonstration of how we obtained the measurement using the zenith and normal leaf surface.

Soil moisture
I obtained my soil moisture data from Nanette Raczka, a Ph.D. candidate in the Biology
Department at West Virginia University, under the advisement of Edward Brzostek. She
collected moisture cores every two weeks following the Gravimetric Soil Moisture protocol. She
collected six soil cores per plot at depths of 0-15cm, and sieved them to remove rocks, twigs, and
plant materials. Then she placed roughly 40g of soil into aluminum sample cups to obtain the
wet and dry weights used to determine soil moisture.
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Weather Data and Water Balance Modeling
I collected precipitation, solar radiation, and other weather data (see Appendix 1)
throughout the growing season from a weather station that I constructed in an open field adjacent
to my study plots and on a local high point free from the influence of topographic shading
(Figure 1). Following procedures detailed by Dyer (2009), I used these weather data to drive a
water balance model useful for quantifying periods of diminished water availability, as well as
the degree to which topography and local weather conditions may have mediated solar radiation
delivery and water demand at each of the study plots (Appendix 2).

Statistical Analysis
To assess the statistical significance of the differences in mean leaf angle throughout the
growing season, I tested for effects of soil moisture, treatment, and species, as well as
interactions among those effects using multiple regression analysis. I also completed a TwoWay Analysis of Variance (ANOVA) test ANOVA tests with post-hoc Tukey HDS on the results
of my foliar isotopic analysis across species and treatment. I compared the concentration of leaf
carbon found in the MT plot to the MC plot, as well as the OT plot to the OC plot for the
samples collected on July 18th.

RESULTS
The lowest semi-weekly precipitation period, with ~0 mm precipitation in the TfE plots
and 17 mm in the control plots, was between July 1st and July 15th (Figure 4a). During and
immediately following this period, the plots experienced the largest modeled water differences
(Figure 4a), and the lowest measured shallow soil moisture (Figure 4c). Soil moisture declined
8

dramatically during this period, as seen by the steep decline between July 13 and July 18 in all
four study plots. During this period, the MT experienced the lowest soil moisture percentage,
followed closely by the OT, OC, and lastly, the MC (Figure 4C). On July 18th, the MT had 4%
less soil moisture when compared to the MC. The OT had 1% less soil moisture content
compared to its control counterpart.
The foliar δ13C measured on leaves collected on July 18th, during the peak of the driest
part of the season, suggests that leaves of the MT plot had reduced stomatal conductance with a
value of -29.13‰ compared to the MC at -30.28‰. Leaves from the OT plot had a δ13C of 29.32‰ and the OC had a value of -29.33‰, respectively (Figure 4B). The results of the Twoway ANOVA and post-hoc Tukey HSD test find that the MT plot had significantly higher δ13C
than the MC, but the same test found no significant difference between the OT and OC.
The mean leaf angle data displays a steady and consistent trend towards more vertical
angles within the oak plots as water availability diminishes (Figure 4D). Mean leaf angles within
the OT varied throughout the season from 24.17-34.36°, with a seasonal average of 28.77°. The
OC ranged from 18.85-30.54° with a seasonal average of 24.26°. Within the maple plots, mean
leaf angle data remained fairly static during the growing season, ranging between 14-17° in both
the MT and MC. The seasonal average mean leaf angle for MT was 15.53°, comparable to the
MC plot value of 15.77°. A significant difference between the OT and OC, noted on the figure
with “*”, was found on June 1st, June 15th, and August 18th. The MT and MC noted a
significant difference on August 29th. The measured differences between the OT and MT mean
leaf angle data are significant throughout the entire growing season.
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Figure 4: Results from field collection methods. (a) GIS water balance model results (APPENDIX 3) overlaid on field-measured precipitation.
Plot deficits occur when AET does not meet PET and are represented with a “D” (b) differences in plot measured δ13C collected July 18,
2018. There was a significant difference found between MT and MC, noted with an *, (c) bi-weekly changes in leaf inclination angle by
species and plot type, weeks with significant differences between TfE plots and control plots are noted with an *, and (d) bi-weekly changes
in percent soil moisture by species and plot type. The dotted line represents the day the foliar isotopic analysis data was collected.
10

The results of the multiple regression analysis show that the effects of soil moisture and
species on the mean leaf angle were
significant, as well as the interaction
between species and soil moisture
(Figure 5). The effects are described
using interaction terms (i.e. “control”,
“ACSA”), this allows for exploration
within the specific effects. The species
impact is the strongest of the three
effects, as is reflected in the

Figure 5: The results of the multiple regression analysis
of the three effects (soil moisture, treatment, and
species), on leaf angle, as well as the interactions
between them. The species and soil moisture effects on
leaf angle were significant (<0.05) as well as the
interaction between treatment and species and species
and leaf angle.

standardized beta coefficient, followed by soil moisture. The interaction term ACSA, combined
with the std beta of -0.85 suggest that there is a strong, negative relationship between leaf angle
and maple trees, and a strong, positive relationship between leaf angle and the oak trees. The
treatment effect, though not significant
below 0.05, suggests that there could be
underlying interactions between the
treatment and species impacting leaf
angle (Figure 6). Q. velutina plot leaf
angles are negatively correlated with
soil moisture, as soil moisture decreases,
vertical leaf angle increase, and there is
a notable difference when comparing

Figure 6: The relationship between soil moisture
and leaf angle by species and treatment

the line of best fit between the treatment
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and control, suggesting a treatment influence on leaf angle response in Q. velutina. A.
saccharum treatment and control plots do not suggest any correlation between leaf angle and soil
moisture. This analysis supports the results seen in Figure 4; on July 18th, measured soil
moisture was at its lowest (Figure 4d), which corresponds with the more vertically measured
leaves in the Q. velutina (Figure 4c), whereas A. saccharum leaf angles remained horizontal.
The three effects combined account for 87% of the variability in the measured leaf angle.

DISCUSSION
Water availability within the plots
I designed my study to assess how different tree species use specific water management
strategies in response to diminished water availability. Several lines of evidence indicate that the
plots did experience comparable water shortages, particularly during the driest part of the
summer, and especially in the TfE treatment plots. The hydrological environment of the study
plots suggests that they are largely comparable in evaporative water demand, based on the results
of a dynamic GIS-based water balance model. The water balance model included plot-specific
estimates of the effect of topography on solar radiation (Appendix 2), as well as the site-level
impact of clouds on solar radiation calculated using climatic data that I collected at the study site
(Appendix 1 and 3). Due to small differences in slope aspect and topographic shading, the OT
and MT plots were subject to slightly higher solar radiation values, which drove higher potential
evapotranspiration, and slightly (e.g. by 2%) augmented the effect of the TfE treatment on
overall water differences (Appendix 3).
Topography also may have influenced plot differences in the supply of water from soil
throughflow and shallow groundwater. As determined by a GIS-based topographic wetness index
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(TWI) (Appendix 4), I found that the maple plots have more potential for water flowing into the
plot from uphill sources. The relationship between higher TWI and the location of maple stands
supports the idea that the maple species are adapted to survive and out-compete other species
within more mesic environments.
While important to consider, the impact of topography on plot differences in water
availability appears to be small relative to the differences driven by rainfall and the TfE
treatment effects. By incorporating the TfE reductions in throughfall into the GIS water balance
model, we observed that the TfE reductions drove large reductions in actual evapotranspiration
in the treatment plots, compared to their control plots (Figure 4c). The water balance model also
shows that modeled decreases in water availability align well with the field-collected soil
moisture data. These water balance and soil moisture data suggest that the TfE experiment was
successful in intensifying low water availability conditions during July, and likely until a very
large rain event completely replenished soil water to all plots on July 31st.
Soil moisture data reflect that at the peak of the 100% TfE experiment, July 18th, there
was a much larger difference between the soil moisture content in the MT and MC when
compared to the OT and OC, despite experiencing similar hydrological environments and
reduced through-fall. The MT plot had 4% less soil moisture compared to the MC, whereas the
OT only experienced a -1% difference when compared to the OC. The larger difference in soil
moisture between the MT and MC, compared to the OT and OC, suggests that under treatment
conditions, the MT is using more water despite having the largest TWI. This result aligns well
with species-specific transpiration data collected using the heat pulse method during the 2018
growing season (Guillén et al., ND). The higher measured soil moisture content in the OT
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compared to OC after heavy rainfall events suggest that the water supply in the OT plot has
larger topographic influences, as is reflected by the TWI.

Leaf angle vs. Stomatal responses to reduced water availability
While A. saccharum had fairly horizontal and static mean leaf angles through the season,
leaf angles of the Q. velutina trees were more vertical and dynamic in response to the TfE
treatment and changes in soil moisture during the growing season (Figure 4b). At the beginning
of the season, Q. velutina trees in the TfE plot (i.e., OT) had a significantly more vertical mean
leaf angle than the control plot. But, as soil water declined in July, the Q. velutina trees increased
in mean leaf angle, with the control plot catching up to the treatment plot. In both plots, there is a
direct correlation between reduced soil moisture and increased leaf angle. This relationship is
strongly driven by the measurements taken at the peak of the drought. Increased sampling dates
could lend more explanation to the response of each species, as well as the shape of the
relationship to changes in soil moisture. The similarities in response between the treatment and
control in this period of reduced water availability, further support the responsive and dynamic
nature of the Q. velutina leaves under limited water availability. This finding aligns with the
review of the vertical orientation of leaves as a stress avoidance technique (Zanten et al., 2010),
where leaf orientation alters the interception of radiation, which helps maintain more favorable
energy and water balance. The more vertical leaf angles reduce the solar radiation load leaves are
subject, which prevents leaf temperature increases that would ultimately lead to increased
transpiration rates or, in the case of isohydric plants, a necessary reduction of stomatal
conductance.
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When faced with reduced water availability, we observed that A. saccharum trees do not
change their leaf angle, but rather reduce stomatal conductance to preserve water (Figure 4b).
The results of the δ13C analysis within the oak species show that the species did not significantly
change between the control and treatment plots, suggesting that they are less isohydric. This
result aligns with other studies (Zweifel et al., 2009), where the Quercus species were also found
to keep stomata more open during drought conditions.
The patterns displayed in precipitation, reflected in the soil moisture content, inversely,
match that of the leaf angle in the oak trees, which do not show signs of the stomatal control
present within the maple trees. These results support my hypothesis regarding different water
management strategies between oak and maple trees and suggest that the oak trees could be
better adapted to surviving in reduced water environments. My findings lend support to the
theory of hydrisity with evidence that anisohydric species use a mechanism of increased leaf
angle in response to low water availability. In contrast, the isohydric water management strategy
was to limit water loss by reducing stomatal conductance.
This study would benefit from the inclusion of more data. Replicating the design with
more cameras placed throughout the canopy would help obtain more representative leaf angles
across the crown as a whole and to reduce the impact of technical errors and malfunctions (i.e.,
camera malfunctions, branches breaking and dislodging cameras, stem growth obstructing the
lens). It would also be beneficial to include cameras at different heights to test whether the Q.
velutina are altering leaf angles uniformly throughout the crown, or if there are varying degrees
based on the vertical location within the crown (i.e., leaves lower in the crown, more shaded, are
measuring more horizontal angles than those in the upper, sunny reaches; Ford and Newbould,
1971).
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We focused one crucial crown architectural trait response to water availability, leaf angle.
Studies have shown that crown productivity is directly linked to their ability to maximize the
amount of light interception, which is also influenced by the vertical distribution and density of
leaves (Niinemets, 2009; Ellsworth and Reich, 1993; Fotis and Curties, 2016). It is expected that
as the Q. velutina trees angle their leaves more vertically, the crown will open, allowing more
light to be received in the lower crown. Future work on the combined impact of these three traits,
and their holistic response to changes in water availability, could increase our understanding of
the impact of reduced water availability forest functioning as a whole. It would also be beneficial
to measure the response mechanisms in more species, in varying environments, to further out
species-specific response along the hydrisity spectrum and aid in predictions of whole-scale
forest response to climate change and inform better management practices. Lastly, it is known
that as climate shifts there will be an impact on forest structure and species composition globally
(Kirschbaum et al. 1996; Lines et al, 2010), and that forest composition will then impact regional
and global climate by altering energy and water fluxes as well as impacting albedo (Bonan et al.,
2003; Tajchman et al., 2007; Guo et al., 2017). Vegetation dynamics are known to impact forest
functioning and productivity ( Donohue et al., 2007), and based on the results of this study, the
inclusion of the response mechanisms of different species to changes in water availability could
benefit forest productivity models as well as climate models. This inclusion could aid in
assessing the sustainability of the world’s forest eco-services.

CONCLUSION
Overall, my results lend strong support to my two original hypotheses on the
relationship between species crown structure adaptations and their response to drought. Reduced
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water availability led to increasingly vertical leaf angles in the Quercus velutina species,
especially within the TfE plot, and at the peak of the drought, to combat water loss without
evidence of stomatal closure. The more mesic-adapted Acer saccharum trees maintained a
consistent horizontal leaf angle throughout the growing season in both the TfE plot as well as the
control, and evidence of stomatal closure was apparent in the TfE plot, especially at the peak of
the drought. The adaptive capabilities of these species were apparent in measured soil moisture
data, which shows a greater loss in percent moisture within in MT plot compared to the OT.
The ability to predict species response to changes in water availability in the face of
global climate change is a crucial first step in beginning to understand and predict overall forest
response to climate change. The specific focus on crown architecture not only addresses a key
uncertainty in species responses to water availability but can also provide a much-needed means
to scale up tree species responses to water availability using the spectral reflectance properties
measurable from satellite instruments. This information could establish a further understanding
of Earth’s processes, and the impacts of climate variation aid in improving existing climate
models as well as better informed decision making and planning.
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APPENDIX 1- Weather Data
Having site-specific weather data is important for reducing the uncertainties and
increasing our understanding of specific climatic variability on our study site. In June of 2018, I
installed a weather station in a large open
field adjacent to my study plots (Figure 1)
and on a local high point free from the
influence of topographic shading. This
station logged hourly averages of solar
radiation in watts per meter squared
(W/m2), the average temperature in degrees
Celsius (°C), and the sum of total
precipitation in millimeters (mm). I created

Figure 1: Installing the weather station adjacent
to the EW plots where there would be no impact
from the surrounding topography or forest.

a code for summarizing the hourly data
into biweekly averages or sums, depending on the variable. I used the data from this station to
inform a water balance model, as well as to relate climatic trends impacting the study plots
throughout the growing season to measured changes in species adaptive features.
To supplement gaps in the field-collected weather data, I created relationships between
known field-measurements of precipitation and temperature and records from the Weather
Underground Morgantown Municipal Airport Station. I also plotted field measured solar
radiation values against daily solar energy production readings from solar panels on a home in
Morgantown (McCasi Power and Light). Readings from both stations evidence the effect of
clouds on solar radiation data, and both stations were located within 10 miles of the EW plots. I
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plotted the daily relationship between the overlapping data, from June 1- December 31, 2018,
and used these relationships to predict the missing field measurements for April and May

29

APPENDIX 2- Solar radiation modeling for Water balance
The amount of solar radiation an area is subject to is dependent on many factors,
including latitude, time of year, topography, cloudiness, and land cover. Various studies have
discussed these factors and their importance in driving PET (Thornethwaite, 1948; Fu and Rich,
2002; Katul and Novik, 2009; Dyer, 2009). To be able to understand species response to changes
in water availability, it is necessary to assess the impact of topography and cloudiness at EW on
water demand.
I used the Standard Overcast Sky Model (SOCM) with on-site derived parameters for
diffuse proportion (D) and transmittivity (T) of global radiation to account for the daily weather
conditions and reflect the amount of solar radiation each plot received more accurately. The
SOCM considers the solar zenith angle, and adjust diffuse radiation accordingly, accounting for
variations in topography. For the determination of atmospheric parameters, solar radiation was
measured in the field using a Campbell Scientific CM3 Pyranometer located at the weather
station I constructed next to my study plots. The summarized data provides a snapshot of the
amount of solar radiation received at that timestamp. I summed the bi-weekly amounts of
recorded solar radiation (in Wh/m2). Utilizing a tool designed by Dyer (2018), I ran every
possible combination of D and T for each bi-weekly period. I compared the modeled solar
radiation to the known value recorded by the weather station. The combination that produced a
modeled output that most closely matched the field measured results was selected to represent
the atmospheric parameters for that period (Table 1).
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Table 1: Chart displaying the results of bi-weekly modeled GHI compared with
field measured GHI, the amount and percent different, as well as their associated
parameters of D and T.
I used the best D-T combinations to create solar radiation grids for each bi-weekly
period. I calculated the average amount of solar radiation across each plot, per biweekly period
by using zonal statistics on each of the solar radiation grids produced. I used the averages to
inform the plot-level water balance models as specific inputs for each plot.
Plot-specific solar radiation amounts varied across the species-specific, and treatment
plots. On average, the OT experienced roughly 4% higher solar radiation when compared to the
OC, the MT experienced an average of 5% higher solar radiation when compared to the MC, the
MT had an average of 1.2% higher solar radiation than the OT, and the MC had 0.38% higher
plot average solar radiation when compared to the OC (Figure 1, Table 2).
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Figure 1: Solar radiation grid produced for the bi-weekly period of June 1- June 15
displaying the site level variations due to topography and atmospheric conditions.

2

Solar Radiation (Wh/m )
OT
OC
MT
MC

June 1-15
70117.07
69169.56
71547.09
70126.28

June 16-30
65374.87
63289.83
65766.38
63284.92

July 1-15
92774.69
90719.92
93729.34
91151.90

July 16-31
60598.62
58552.47
61236.06
58744.09

Aug 1-15
81796.35
79400.02
82765.41
79799.75

Aug 16-31
77319.94
74603.66
78346.24
75004.81

Sept 1-15
60593.85
54885.55
61261.90
54636.62

Sept 16-30
42313.68
37765.33
42996.61
37670.71

Table 2: Table of the mean, bi-weekly analysis of plot level solar radiation as impacted by
topography and daily atmospheric conditions. On average, MT was subject to the highest
amount of solar radiation followed by the OT, the MC, and lastly, the OC. The highlighted
section of June 1-15 is reflected in the map above.
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APPENDIX 3- Water Balance Models
I used a GIS-based water balance modeling approach to assess fine-scale moisture
demand and availability (Dyer 2009) within the EW study plots during the 2018 growing season.
This model dynamically integrates water supply from precipitation, modeled soil water storage,
and solar radiation effects on water demand. I modeled soil water storage and drawdown using
standard equations of plant water demand that are driven by incoming solar radiation (Dyer
2009). The data required include a digital elevation model (DEM), local climatic data, soil actual
water holding capacity (AWC) grid, and solar radiation data (Table A3.1).
This approach calculates recharge for each grid cell based on climate data as well as
topographic characteristics (Equation A3.1, Thornwaite-Mather, 1957). Precipitation data
included daily data values from the weather station I constructed close to the study plots.
Snowmelt is determined based on daily minimum, maximum, and average temperature but is not
applicable within the time frame I analyzed and so was not included. I derived inflow from a
flow direction grid, and interception followed the “bucket” model approach where the individual
specifies the amount of interception by vegetation. I determined outflow based on soil type, land
use, surface conditions, and prior runoff conditions (USGS, 2010).

Equation A3.1: The Thornwaite-Mather equation for calculating soil recharge.

Model calculated components included potential evapotranspiration (PET), soil moisture
storage, actual evapotranspiration (AET), and soil moisture deficit and surplus. I used the Turc
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method for PET estimation (Equation A3.2) within the water balance model, as performs well in
relatively humid climates and takes into account topographically controlled variability between
sites (Dyer, 2009), which have large impacts when investigating fine-scale water availability.

(2)

Equation A3.2: Turc Equation for estimation of Potential Evapotranspiration in mm, where T is
the average monthly temperature (°C), and R is total monthly solar radiation (cal/cm2).

This method assessed potential patterns without consideration of current vegetation
cover. The American Society of Civil Engineers (ASCE) found that the Turc Method slightly
overestimated annual ET, but accurately accounted for the peak month and ranked it second
behind the more complex Penman-Monteith approach (ASCE, 1990).
Digital Elevation Model (DEM)
- 1/9 arc-second
- Used to derive necessary
parameters including aspect, slope,
solar radiation grids, and
topographic wetness index

Produced by the United States Geologic
Survey (USGS)

Climate Data
- Monthly temperature and
precipitation

Collected from EW weather station

The elevation is in feet
The coordinate system is UTM Zone 17
Projection, horizontal datum NAD83

Monthly averaged data for the 2018 growing
season at Elizabeth Woods from the Weather
Underground Morgantown Municipal Airport
Station.

Available Water Capacity (AWC)
Derived from the soil water capacity of
specific soil properties determined by the
- Raster format
- Used a 100cm soil depth, based on United States Department of Agriculture’s
the recommendation of Dyer 2018,
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which states that most of the tree
root activity is within the first
100cm of soil.

(USDA) Natural Resource Conservation
Service (NRCS).

Solar Radiation Data

Collected using Kipp & Zoen Pyranometers
placed in an open field adjacent to the EW
TfE experiments.
Table A3.1: Data sources for running the water balance model

I applied a bi-weekly time-step to my water balance model to match the time step of my
field measurements of crown architecture, canopy light environment, and soil moisture. At the
treatment plots of the EW TfE experiments, where we were artificially reducing precipitation
supply by excluding 50-90% of the rain falling through the forest canopy, I reduced the recorded
precipitation data appropriately before applying it in the water balance model. I executed the
water balance model using conditionals in excel.
The treatment plots included slightly higher PET, combined with the 50-100% exclusion
of throughfall, that drove larger modeled differencess in the treatment plots. The MT
experienced the largest deficit, 346 mm, compared to the OT’s 318 mm. The OC and MC
experienced deficits of 90 mm and 81 mm, respectively (Figure A3.1).
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A

B

Figure 7: Molded AET and
PET (demand) against
precipitation (supply).
Precipitation at the
treatment plots (A) have
been reduced by 50-100%
based on the status of the
TfE while the control plots
(B) include field measured
values of precipitation. A
deficit occurs when PET
exceeds AET and
represent with a “D”.
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APPENDIX 4- Topographic Wetness Index:
The topography is an important determining factor in soil moisture distribution, as well as
impacting groundwater and surface flow. Studies have shown moisture estimations based on
TWI (Sorenson et al., 2006). Understanding variability in soil moisture as a result of
groundwater storage is crucial to understanding deficits within water balance models, which is
dependent on the amount of water an area can store, as well as tree species response to changes
in water availability. I used the topographic wetness index (TWI) developed by Beven and
Kirkby (1979) for this study (Equation A4.1).

TWI = ln(a/tanB)

Equation A4.1: The equation used to calculate TWI where a is the local upslope area draining
through a certain point per unit contour length, and tanB is the local slope.

I calculated the TWI using gridded elevation data and derived parameters. The slope is
calculated per cell using the maximum change in value from surrounding cells. Flow
accumulation is determined based on the numbers of cells flowing into each downslope cell. I
used the raster grids created from the two above steps, in combination with Equation A4.1, to
calculate the TWI for each raster cell within the study area. I averaged the pixel results within
the extents of each study plot.
The TWI map exhibits spatial variability in the potential for saturation across the EW
study site. Values varied from 0.3 to 10. The mean TWI was highest in MT, followed by MC,
OT, and OC with values of 2.57, 2.53, 2.03, and 1.64, respectively. Lowest values, presented in
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light blue, were recorded along ridges, as well as steeper slopes, while the highest values
occurred at the toe of the slopes and flatter areas, represented in dark blue (Figure 1).

Figure 1: The topographic wetness index map to visualize the spatial variability in the potential for
saturation. The higher the value, darker blue, the higher the potential for saturation which would
impact soil moisture distribution throughout the study sites.
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